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Abstract. In Europe, over the last decades, the arboriculture for woody biomass production has 
significantly expanded, often using poplar plantations. In order to maximize production, the 
flexibility of the cultivation algorithms becomes necessary. For this reason, it is necessary to 
apply monitoring tools for the evaluation and estimate of the wood productions, without 
significantly affect the production costs. In particular, for the estimate of the productions, the 
choice of the sample size is of particular importance. The aim of this study was to verify a 
simplified sampling approaches in poplar plantations characterized by constant tree density. The 
research was conducted in a poplar plantation on the Tuscan hills (Italy). The surveys were carried 
out each year for 13 years, from 4 to 16 years old. Through different statistical techniques, the 
change in the social position of each tree over time was evaluated. The results showed that the 
social position of each tree has been characterized by the first years after the plantation. 
Consequently, the estimate of the productions can be carried out by analysing the diameter 
increment of 10% of the trees, included in the diameter classes around the medium-sized tree at 
the time of the survey. This study provided a valid method for forest managers characterized by 
a simplified approach useful to estimate the growth and yield of hybrid poplars. This method will 
permit reliable biomass estimates, but also a reduction of the costs in the sampling activities in 
the field. 
 




In the last decades, forestry activities are supported by structural funds of EU, in 
order to enhance the afforestation of abandoned agriculture land (Coletta et al., 2016). 
Moreover, over the last few years, in Europe the arboriculture for wood production 
has significantly expanded. The main objectives of these cultivations are linked to the 
production of woody assortments for the industry, but also for the biomass collection for 
energetic purposes (Marziliano et al., 2017). Furthermore, the increasing use of 
renewable energies is a key EU strategy for reducing the greenhouse gases (GHG) 
emissions, contributing then to strategic policy objectives. The supply of sustainable 
energy is one of the main challenges that we will face over the coming decades, 
particularly because of the need to fight the climate change. 
Biomass from wood productions can make a substantial contribution to supplying 
future energy demand in a sustainable way. They have a significant potential to expand 
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in the production of heat and electricity, and could provide significant environmental 
benefits, by substituting imported fossil fuels with domestic biomass, giving also 
opportunities for the economic and social development in rural communities (AA.VV., 
2001; Grogan & Matthews, 2002; Bergante & Facciotto, 2006; Facciotto et al., 2008; 
Marziliano et al., 2015). 
Tree plantation for energetic production purposes, especially the thermal ones, 
developed firstly in northern 
These plantations are characterized by medium-rotation times (typically 10 12 years) 
and by cultivation algorithms characteristic of the intensive agriculture. In Europe, the 
most promising tree species usually planted are Populus spp. and Salix spp. (Armstrong 
et al., 1999), strongly considered as an optimal source of bio-energy (Hinchee et al., 
2009, Fischer et al., 2011). Clones of poplars are characterized by fast growing rates, 
which are partly induced by a set of physiological intrinsic characteristics (e.g. 
Ceulemans et al., 1990; Casella & Ceulemans, 2002; Dillen et al., 2010). Considering 
their fast growth and high yield, poplars are then the most widely used tree species in 
medium rotation forestry (MRF) and short rotation forestry (SRF). Additionally, 
intensive breeding programs have selected a wide range of clones with optimal 
production rates for a wide range of climates. When compared to other tree species, 
poplars have many characteristics that make them suitable for plantation cultures which 
enable the production of large quantities of wood in short periods of time. In general, 
abandoned rural land and marginal and degraded areas are used for plantations, where 
the rotation turn over ranges from 10 to 20 years, in relation to different management 
patterns, but also depending to the tree density and the species used. Moreover, the 
different cultivation systems nowadays available give different opportunities for the use 
of the biomass produced: from the cellulose for paper industries to the wood burned for 
energetic purposes (Rosenqvist et al., 2000; Scholz & Ellerbrock, 2002). 
In order to maximize the productivity in tree plantations, a flexible approach in the 
use of the cultivation algorithms is necessary (Macaya Sanz et al., 2017); they should be 
modified at any time, also in relation to the geographical and climatic conditions. 
However, for this purpose, it is necessary to apply appropriate management tools useful 
to evaluate and estimate the woody productions, without significantly affect the 
economic costs. 
On the other hand, the availability of simplified technical tools for the evaluation 
and estimation of tree growth and yield is particularly important when the total economic 
value o -Cruzado et al., 2014). Moreover, 
at European level, there is a clear demand to find methods useful to optimize the 
estimates for the plantation productivity, in particular regarding the short-rotation 
forestry (Arevalo et al., 2007). Moreover, reliable estimates of growth and yield are 
usually a prerequisite for the establishment of a woody biomass-based industry (Stampfl 
et al., 2007). 
Therefore, these management tools can encourage the cultivation of fast-growing 
woody tree species within short-rotation forestry. These plantations can provide a 
significant source of alternative and renewable energy (Isebrands & Karnosky 2001; Hill 
et al., 2006). Moreover, renewable energy sources play a key role in meeting the CO2 
emission reduction objectives, since they are characterized by a lower net CO2 emissions 
when substituted for fossil fuels (Kheshgi et al., 2000). The replacement of fossil fuel 
with biomass in the generation of energy and heat has recently been an important strategy 
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promoted by the European Union (EU) to mitigate the effects of climate change and to 
enhance the security of the supply and the diversification of energy sources (IEA, 2003). 
In the context of the woody biomass production, the basal area and volume of the 
plantations (past, present and future) are the most important parameters to be considered 
and carefully evaluated within a production process (Wang et al., 2013; Perez-Cruzado 
et al., 2014; Niemczyk et al., 2016). 
In order to assess these parameters, various sampling approaches can be suitably 
exploited. When designing monitoring schemes, scientists should consider their specific 
objectives in order to define the degree of precision and accuracy required (Lombardi et 
al., 2015), also through a cost-benefit analysis. 
More in detail, for the estimate of the productions (in terms of basal area or 
volume), the choice of the sample extent is of particular importance: it is essential to 
reduce as much as possible the sample size, however maintaining the need for 
statistically reliable estimates. 
Starting from these assumptions, the aim of this study was to verify simplified 
sampling approaches in poplar plantations characterized by constant tree density, in 
order to optimize the field work in estimating the basal area development. Even if this 
study refers to a specific context, from a methodological approach, it can however 
provides a useful contribution to the knowledges on this topic. 
In particular, the study assessed the relationships between the number of trees 
sampled and the accuracy in the estimate of the basal area (BA). The basal area, rather 
than the volume, was selected as studied parameter since it is directly correlated to the 
stand volume (Eastuagh, 2014), but also not interested by estimation errors (Hellrigl, 
1970). 
The questions we tried to answer were the followings: (1) in order to estimate the 
basal area development of a plantation, what is the minimum size of a reliable sample, 
in terms of the trees number? (2) Which characteristics should have the trees sampled? 
(3) Is it possible to sample just one tree, e.g. the average-size tree, then extending the 
estimate to the whole stand? 
However, in order to obtain reliable results, two conditions are necessary: (i) the 
density of the plantation should be constant; (ii) the trees must always maintain the same 
social position during the whole plantation cycle. In this paper, the first condition is 
ensured by the cultivation algorithm adopted, while we tried to verify the second 
condition as a secondary objective of the current study. 
 
MATERIALS AND METHODS 
 
Study area 
The study was carried out on four permanent experimental plots set up within 
hybrid poplar (Populus x euroamericana) plantation located in central Italy, south-west 
of Greve 
constituted by the I-214 clone, the most widespread in Italy and considered typical and 
representative of the Italian poplar cultivations (Bergante et al., 2015; Coaloa et al., 
2016). The investigated plantation is located on a plateu, at an altitude of about 560 m 
a.s.l., characterized by fertile loamy soils. 
The climate is typically Mediterranean. The annual rainfall is 1,200 mm, with 
minimum precipitation in summer and a maximum in winter. The average annual 
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temperature is 12.5  
warmest has an average temperature of 21.6 
classification (Pavari, 1959), the plantation is located in the warm sub-zones of 
Castanetum. Geologically, the site is characterized by green and purple Paleozoic schist. 
According to the FAO soils classification (FAO, 1998), soils are Cambisols. 
Conventional site preparation was carried out and the planting density was 400 trees per 
hectar, spaced on a 5 x 5 m grid. No thinning operation was realized, while all the trees 
were moderately pruned twice, according to conventional schedule (Nervo et al., 2011). 
 
Survey and data analysis 
The four experimental plots extend each on 0.18 ha, representing different site-
index conditions (Corona et al., 2002). An abundant shrubs layer occurs in two plots 
(slightly sloping) (Rubus spp. and Dactylis glomerata), while it is almost absent in the 
other two plots (flat). Measurements started when the plantation was 4 years old and 
were repeated every year until the plantation reached 16 years old. Statistics of the main 
dendrometric variables recorded in each plot are reported in Table 1. 
 
Table 1. Statistics of the main dendrometric variables recorded in the experimental plots. Values 
refer to the last sampling year (age 16 year old) 
Variable Mean Minimum Maximum S.D. 
Stand basal area (m2 ha-1) 22.12 17.31 28.22 4.54 
Stand basal area increment (m2 ha-1 year-1) 1.04 0.80 1.32 0.21 
Average tree basal area (m2) 0.0572 0.0453 0.0733 0.0118 
Average tree basal area increment (cm2 year-1) 0.0030 0.0007 0.0070 0.0001 
 
The diameter at breast height (DBH) was measured on each tree. In the first survey, 
the measured trees were marked with indelible paint, so that the trees were measured at 
the same height in the overall study period. Moreover, in the first survey, the position of 
each tree occurring in the surveyed plots was also recorded, identifying each tree with 
an ID c  
The following methodological approach was used:  
1. Attribution of a social position index to each tree;  
2. Evaluation of the variation in the social position index over the years;  
3. Splitting of trees into homogeneous groups with respect to their social position 
index;  
4. Test of different sampling methods for the estimation of the basal area, 
characterized by different  number of trees;  
5. Statistical comparison between the basal area values obtained through the 
different sampling methods applied;  
6. Statistical comparison between the real basal area per hectare obtained from the 
surveys carried out annually and the estimated basal area with the chosen sampling 
extraction method. 
In order to assign a social position index to each tree, the diameters measured in the 
last year of observation (age: 16 years) were ordered according to a decreasing 
serialization. Consequently, each tree has been assigned to a rank number, according to 
its position in the rank scale. In detail, the rank number 1 was assigned to the tree with 
the largest diameter, while the higher rank number referred to the tree with the smaller 
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diameter. This procedure was repeated for all the surveys realized across the years (from 
the age of 4 to the age of 16 years). Consequently, we obtained for each year a matrix 
referring to the rank value assigned. Moreover, since the same tree can have a different 
rank number over the years, also the confidence interval (C.I.) of the rank number was 
calculated. 
Furthermore, the social position of each tree over the years has been evaluated 
through the variation of the rank number attributed to each tree. We firstly evaluated the 
correlation between the rank number attributed to each tree at the last survey (age: 16 
years) and the number of rank of the previous years. For this purpose, the Spearman's 
rank correlation coefficient was used. Subsequently, for each tree, we evaluated the size 
of the confidence interval (C.I.) of the rank numbers. This analysis was carried out (1) 
evaluating the confidence interval of the rank numbers compared to the rank number 
assigned in the last survey; (2) through an interval plot showing, for each tree, the lower 
and upper limits of the interval of confidence of the rank numbers. 
In order to identify homogeneous groups of trees with respect to their social 
position index, a multivariate Cluster Analysis was applied. This analysis allows to 
identify, starting from each single tree, homogeneous groups of trees characterized by a 
specific rank number, in each year. As already applied in the clustering methods, we 
used the average linkage useful to calculate the distance between two sub-groups, 
considering the mean (Euclidean) distance between any two members referring to 
opposite groups. When compared to other c
differences among groups (Rand, 1971; Oshumi, 1980; Gordon, 1999). In order to 
identify the number of clusters, the dendrogram was cut at the step preceding the step 
determined by the rapid increment in the dispersion within-groups (Fowler & Cohen, 
1995). This procedure allows to evaluate the validity of the clusters identified; it is an 
effective tool for choosing the level of distance at which the dendrogram could be cut 
(Fowler & Cohen, 1995). 
Moreover, in order to quantify the minimum number of trees necessary for a 
reliable estimate of the basal area, the starting tree used to design the sampling extraction 
methods was the sample characterized by the average size tree. This choice was made 
for the following reasons: (i) the average diameter of the mean basal area is easily 
determinable and commonly adopted in dendrometry; (ii) the basal area estimate per 
hectare is obtained multiplying the average basal area with the number of trees per 
hectare. Therefore, starting from the average size tree, we tested five methods for 
estimating the growth of the woody production in terms of basal area, considering the 
basal area range as criterion for applying the five different methods, through the selection 
of the trees with basal area (g), as follow: 
Method 1, tree with basal area equal to (average basal area); 
Method 2, trees with basal area included in the interval   0.10 * Standard Deviation; 
Method 3, trees with basal area included in the interval   0.15 * Standard Deviation; 
Method 4, trees with basal area included in the interval   0.20 * Standard Deviation; 
Method 5, trees with basal area included in the interval   0.30 * Standard Deviation. 
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For each plot, Table 2 reports the average basal area values, the standard deviation, 
and also the minimum and maximum basal area values for each estimation method, 
regarding the year of the last survey. 
 
Table 2. Average basal area values, standard deviation (SD) and minimum and maximum values 
for each method of estimate applied 
Plot  
SD   0.1 SD   0.15 SD   0.2 SD   0.3 SD 
          
1 569 173 552 586 543 595 534 603 517 621 
2 453 70 446 460 443 464 439 467 432 474 
3 733 130 720 746 713 752 707 759 694 772 
4 533 133 520 546 513 353 506 560 493 573 
 
For each plot, the basal area estimated with the 5 methods was compared with the 
measured basal area by developing the percentage error (E%): 
 (1) 
where BAesti is the basal area estimated with the 5 methods; BAobsi is the measured basal 
area in each plot. 
The analysis of the variance (ANOVA) was carried out to test the differences in 
percentage error (E%) between the different methods of estimate developed. The 
 
Finally, both the independent-sample T test and the indipendent-sample Z-Test 
(Mann-Whitney test) were used to compare the real basal area with the sampling 
extraction method resulted more efficient. The T test is a parametric test known to be 
more statistically powerful; on the other hand, the Z-Test is a non-parametric test and 
requires no assumptions (Zar, 1996; Montgomery, 2001; Soliani 2008). 
 
RESULTS AND DISCUSSION 
 
Fig. 1 shows the trend of the Spearman's rank correlation coefficient between the 
rank number attributed to each tree at the last survey (age: 16 years) and the rank number 
of the previous years (age from 4 to 16). The correlation coefficient tends to decrease 
when trees are younger, mostly in plots 1, 2 and 4. However, for all the years studied, 
the correlation is always very strong and significant, ranging from 0.945 to 0.996. These 
results indicate how the rank number of each tree observed in previous years does not 
change significantly when compared to the rank number assigned in the last survey. 
Fig. 2 reports the interval of confidence in the rank number for each tree. Dots 
represent the single trees, while the values refer to the interval of confidence. In all the 
experimental plots, and for each tree, the size of the interval of confidence referring to 
the rank number is never high. In detail, the plot 3 shows the lowest values (from 0.10 





Figure 1. Trend of Spearman's rank correlation coefficient between the rank number attributed 




Figure 2. Variation of the rank number across the years, for all the experimental plots. For each 
tree and in all the experimental plots, the x-axis indicates the rank number of trees at the last 
survey (age: 16 years), while the y-axis shows the confidence interval (CI) of the rank number in 
each year of survey (age from 4 to 16 years) for all the sampled trees. 
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The results obtained confirm what the Spearman's correlation coefficients already 
showed: even if a small variation in the social position (rank number) for each tree 
occurred over the years, this variation is not significant. 
For each plot, Fig. 3 shows the lower and upper limits of the interval of confidence 
for each tree. Trees with low rank numbers (larger trees) and those with high rank 
numbers (smaller trees) are characterized by small and very small confidence intervals. 
On the contrary, trees referring to intermediate rank numbers, are characterized by 




Figure 3. Interval-plot of the rank number over the years in each experimental plot. 
 
The observed low interval of confidence can suggest how, over the years, the 
almost the 
same social position during the whole production cycle. This result implies that if a tree 
is already characterized by a small (but also medium or large) diameter in the first years 
after the planting, then it will continue for the whole production cycle to maintain the 
same social position. 
Fig. 4 shows the dendrograms obtained through the cluster analysis. Following the 
procedure described by Fowler & Cohen (1995) to identify the number of clusters, we 
observed how the dispersion remains low up to about the 50th step of the agglomeration 
algorithm, for all the studied plots; after, it rapidly increases. At a distance of 51.01 
(Plot 1), 50.58 (Plot 2), 53.88 (Plot 3) and 54.01 (Plot 4), the dendrograms indicate the 
formation of three well-defined clusters. For each plot, the first group is characterized 





after, the second group is characterized by trees with small diameters, with a number 
ranging from 21 to 22 trees. Finally, the third group is characterized by trees with 
intermediate diameters (27 28 trees). These trees thus identified, are always the same 




Figure 4. Cluster analysis. For each experimental plot, the x-axis indicates the single sampled 
trees, while the y-axis refers to the Euclidian distance. Considering the rank number for each plot, 
at the Euclidian distance of about 50, homogeneous groups of trees are aggregated. 
 
Fig. 5 shows the diameter development observed in Plot 1. For each year, the three 
groups of trees are always well defined and never intersect each other. The trees, already 
reported in Fig. 4 (Plot 1), referring to the range H08  I07 (22 trees) form the larger 
(diametric) group of trees; those occurring between C03 and A02 (27 trees) refer to a 
medium-sized group; finally, trees occurring between F03 and D03 (19 trees) form the 
smaller group of trees. It is interesting to observe that, in each group, trees are always 
the same: during the whole production cycle, no transition from a group to another are 
observable. Moreover, when a tree changes its social position, it always happens within 
the same group. Fig. 5 also reveals, for the groups I and III, that tree diameter increases 
when the age rises; on the contrary, trees characterized by an average size maintain 
approximately the same diameter across the years. 
The obtained results suggest that, in a plantation with a definitive tree density, the 
social position of each tree is already defined in the first years of tree growth and did not 
change in the following years. Therefore, in the first years after the planting, a 
dimensional hierarchy is established and it is preserved during the following stand 
growth. 
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Furthermore, we can underline that the necessary condition to define the sample 
size useful for the basal area estimate is satisfied: trees always maintain the same social 




Figure 5. Diameter development observed un experimental plot 1, for each groups of trees. 
 
In Table 3 are reported the values of the annual basal area estimated with the 5 
estimation methods tested (for semplication, the values are shown every two years). 
Table 4 shows the ANOVA results. 
They allow to reject the null hypothesis at a level of statistical significance of 95%. 
The different methods of estimate revealed significant differences in the percentage 
errors (see Eq. 1), when compared to the real basal area (measured basal area). For each 
method of estimate applied, Fig. 6 shows the average of the percentage errors and the 
interval corresponding to the minimum significant difference, according to the Tukey 
method. The average percentage errors ranges from 2.31% for method 1 (tree with g = ) 
to 1.04% for method 5 (trees with g =   0.3 * SD). Certainly, the errors observed are 
higher for the methods of estimate applied on a low number of sample trees. As showed 
in Fig. 6, two groups of methods can be identified. The first group is characterized by 
the methods 1 and 2 (respectively tree with g =  and trees with g =  0.1 * SD), while 
the second group refers to the methods 3-4-5. Within each group, the methods revealed 
no significant differences; on the contrary, the differences are significant when 
comparing the two groups of methods. The methods 1 and 2 (group 1) showed 
significantly higher percentage errors if compared to the methods of the second group 
(method 3-4-5). 
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The results obtained revealed that Method 3 should be the best estimate method, 
i.e. the method characterized by a number of trees with a basal area (g) =   0.15 * SD. 
This simplified method allows to obtain, measuring a low number of trees, a statistically 
reliable estimate of the stand growth and productivity. Then, applying this estimate 
procedure, emerges the advantage to reduce the sampling costs, without affecting the 
reliability of the estimate. In fact, no statistically significant errors were observed when 
comparing method 3 with methods in which a higher number of trees should be sampled. 
More in detail, the number of statistical units of the identified method of estimate varied 
from a minimum of 7 trees to a maximum of 9 trees, depending on the number of the 
experimental plots sampled. 
 




G m2 ha-1 
Method 2 
G m2 ha-1 
Method 3 
G m2 ha-1 
Method 4 
G m2 ha-1 
Method 5 
G m2 ha-1 
1 4 4.49 4.49 4.38 4.37 4.13 
1 6 9.36 9.36 9.02 9.05 8.99 
1 8 13.32 13.32 12.91 12.92 12.78 
1 10 15.55 15.55 15.19 15.18 15.09 
1 12 17.51 17.51 17.24 17.21 17.21 
1 14 20.37 20.37 20.13 20.14 19.96 
1 16 22.15 22.15 21.97 22.09 21.97 
2 4 3.18 3.16 3.15 3.15 3.17 
2 6 6.64 6.57 6.54 6.53 6.55 
2 8 9.67 9.63 9.60 9.58 9.66 
2 10 11.37 11.33 11.30 11.28 11.36 
2 12 13.28 13.19 13.12 13.11 13.18 
2 14 15.53 15.48 15.44 15.45 15.56 
2 16 17.28 17.28 17.26 17.30 17.39 
3 4 4.92 4.86 4.87 4.93 4.88 
3 6 11.27 11.04 11.07 11.12 11.06 
3 8 15.87 15.58 15.64 15.79 15.59 
3 10 18.76 18.30 18.36 18.59 18.39 
3 12 21.33 21.02 21.18 21.56 21.33 
3 14 25.36 25.00 25.27 25.79 25.45 
3 16 28.14 28.06 28.27 28.51 28.21 
4 4 4.05 4.05 4.05 4.06 4.01 
4 6 8.44 8.44 8.33 8.38 8.35 
4 8 12.14 12.14 11.89 11.90 11.86 
4 10 13.98 13.98 13.80 13.92 13.86 
4 12 16.23 16.23 15.85 16.02 15.99 
4 14 19.30 19.30 18.75 18.94 18.99 
4 16 20.87 20.87 20.61 20.81 21.22 
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Table 4. Values deriving from the ANOVA procedure. The error (%) of each estimate method is 
 
Source Sum of Squares Df Mean Square F Sig. 
Model 770.534 17 45.326 15.619 < 0.0001 
AGE 357.359 12 29.780 10.262 < 0.0001 
METHODS 70.771 4 17.693 6.097 < 0.0001 
Error 705.168 243 2.902   




Figure 6. Percentage error (%) (average and interval of confidence) corresponding to the 
minimum significant difference for each method of estimate compared to the obtained values. 
 
Fig. 7 shows the trends obtained for the real basal area and for the estimated basal 
area within the proposed methodology. The two lines are almost perfectly overlapped 
although, for a few years, a very slight underestimation or overestimation was observed; 
however, these errors can be considered not significant. The differences between the real  
basal area and basal area estimated with 
the simplified method and related statistical 
significance is reported in Table 5. The 
differences in basal area estimates using 
the indipendent-sample t test (T-test) and 
the Mann Withney test (Z-test) were not 
significant for all the plots. 
We believe that the method applied 
could be also adopted in other geographical 
contexts,  even if  the  sample  size can be  
 
Table 5. Statistical significance between the 
real basal area and basal area estimated with 
the simplified method, assessed by the t test 
(T) and the Mann-Whitney test (Z) 
Plot T Prob Z Prob. 
Plot 1 0.127 0.979 -0.333 0.739 
Plot 2 0.053 0.982 -0.333 0.739 
Plot 3 0.067 0.992 -0.282 0.778 




different. Once the sample has been identified, it is sufficient, on these trees, to 
reconstruct the diameters at breast height of the previous years (for example by taking 
from each sampled tree a core using the Pressler borer) and thus obtain the planting 
increment by multiplying the increments of the sampled trees at different ages for the 
number of trees to which the trees refer. 
There are a variety of methods that can help assess a woodland (Dickmann, 2006; 
Aylott et al., 2008; Perez-Cruzado et al., 2011; Headlee et al., 2012; Marziliano et al., 
2012; Tallis et al., 2012), however, in this paper, we have implemented a simplified 
methodology for estimating basal area development (parameter strongly correlated to 
the volume and growth of the forest), less expensive and easier to use than others 
methodologies. Therefore, this methodology can be, also for the accurate estimates it 
provides, a valid management guideline for choosing the best cultivation options (West, 
2015), especially when the energy production deriving from woody biomass is the main 
objective of the plantation. 
This methodology can be useful for medium rotation forestry (MRF) at definitive 
tree density, where the amount of trees is limited. On the contrary, in short rotation 
coppice and short rotation forestry (SRC and SRF), where the tree densities are higher, 
this methodological approach needs more experimentation. 
However, the most important limitation of the proposed methodology is its field of 
application: it is not valid for all those stands that are subject to progressive natural or 
artificial thinning. In fact, in these stands, from the trees that form the sample size for 
estimate basal area, it could not be deduced the basal area increment at different ages 
because it is impossible to reconstruct the number of trees at the previous ages. 
However, in all these contexts, the proposed methodology could be applied only 
for small periods of time (last 3 5 years) provided that in these years neither the 




Figure 7. Trends obtained for the measured basal area (dotted lines) and for the basal area 





This study provided a simplified methodological approach for forest managers and 
policy makers to estimate the basal area of poplar plantations at definitive tree density. 
The analysis showed that, in a tree plantation with constant planting density (i.e. 
not subjected to intercalary thinnings), the estimate of some parameters of productions 
(in any year of the production cycle), such as basal area, volume and weight, can be 
carried out by analysing the increment of a few trees with DBH around the tree with 
average diameter and the multiplication the average basal area of these trees by trees 
number per hectare will yield an reliable estimate of the basal area per hectare. Our 
results underline the advantage to sample only few trees, without affecting the reliability 
of the estimate. 
We can therefore finally answer to the questions proposed: (1) and (3) the trees 
number of reliable sample for basal area estimate is bigger than 1 and varies from a 
minimum of 7 to a maximum of 9 trees, depending on the variability of the experimental 
plots, (2) and these trees must have a diameter around the tree of average size. 
In conclusion, this method here developed will permit reliable biomass estimates, 
but also a reduction of the costs in the sampling activities in the field. The availability of 
simplified technical tools for the evaluation and estimation of tree growth and yield is 
particularly important when the total economic value of a given tree plantation should 
be assessed. Finally, we believe that the knowdledge and use of these tools makes a 
landowner more informed, and better able to make decisions regarding your property. 
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